Abstract: This study introduces a new approach to estimate surface soil moisture in vegetated areas using Synthetic Aperture Radar (SAR) and hyperspectral data. To achieve this, the Michigan Microwave Canopy Scattering (MIMICS) model was initially used to simulate backscatter from vegetated surfaces containing various canopy water contents, across three frequency bands (i.e., L, S, and C). Using this simulated dataset, the influence of the canopy water content on the backscattered signals was further analyzed. In addition, we developed a modified Water-Cloud model which adds in the crown-ground interaction term. Finally, a soil moisture retrieval model for an agricultural region was developed. Alternating polarization data with ASAR and Hyperion hyperspectral data were used to retrieve soil moisture and validate the feasibility of the retrieval model. The field measured data from the Heihe river basin was used to confirm the proposed model. Results revealed an average absolute deviation (AAD) and average absolute relative deviation (AARD) of 0.051 cm 3
determined using the test fields' features. Compared with the water-cloud model, the MIMICS model describes the vegetation layer in detail and performs better in realistically simulating backscattering from vegetated surfaces. Conversely, the MIMICS model is difficulty to generalize, and requires numerous and complicated parameters. Hence, for applying the Water-Cloud model to vegetated regions, parameters in the Water-Cloud model can be calibrated using the MIMICS model [19] .
As discussed above, vegetation canopy water content (VCWC) relates to the depth of the radar penetration, where the optical depth will decrease linearly with increasing VCWC, therefore impacting the quality of soil moisture return [3] . In order to obtain the VCWC of a specific area, optical data are often used. The combination of SAR and optical remote sensing to estimate the soil moisture is a intensely discussed topic in recent studies. Wang et al estimated soil moisture in semi-arid regions using ERS2/TM data, but this method can only be applied in sparsely vegetated regions [20] . Yu and Zhao developed a semi-empirical model to estimate soil moisture by coupling optical and microwave models [21] . Saradjian estimated soil moisture in the American State of Oklahoma using an advanced water-cloud model based on multi-polarization SAR data and NDVI [22] .
Because the multi-spectral remotely sensed data are easy to obtain, most of the current methods for VCWC estimation are developed using these multi-spectral observations. Although hyperspectral data are difficulty to be obtained, they have the huge advantage of VCWC retrieval for rich spectrum information [23] . Considering the advantages of SAR and hyperspectral data in estimating soil moisture, we propose a semi-empirical soil moisture model based on the AIEM, the MIMICS model and the Water-Cloud model, which is able to estimate soil moisture in vegetation covered areas using SAR and Hyperion data [24, 25] . This paper is organized as follows. Section 2 details the study area and the dataset involved in the study. Section 3 addresses the methodology. Section 4 mainly deals with the results and analysis. Section 5 concludes the paper.
Study Area and Data Sources

Study Area
Heihe River Basin is the second largest inland river basin in the arid region of northwest China. In the summer of 2008, an arid zone hydrology experiment was carried out in the Heihe River Basin [26, 27] . The Yingke oasis foci experimental area was chosen as our study area (Figure 1 ). The experimental area belongs to an arid-emiarid, temperate continent climate. The mean annual precipitation is 121.5 mm and the annual mean air temperature is 6 °C. Total potential evaporation reaches 2340 mm per year-20 times more than the annual precipitation. Agriculture is typically referred to the oasis irrigated cultures, where corn (Zea mais, L.) and wheat (Triticum aestivum, L.) are the main plants in the area. The soil texture in study is homogeneous and composed by 16.7% sand, 74.8% silt, and 8.5% clay [21] . 
Satellite Data
The satellite data used in this study include Advanced Synthetic Aperture Radar (ASAR) dual-polarized data and Hyperion data. ASAR operates on the C band with a 5.6 cm wavelength. In this study, a VV/VH polarized Level 1B image (in the Alternating Polarization (AP) mode with a spatial resolution of 30 m) of the middle stream of the Heihe River Basin was selected. The image was captured on 11 July 2008 at 11:26. The Next ESA SAR Toolbox (NEST) was used to pre-process the data. NEST is an open source software, developed for ESA and made available via its website [28] . The Range-Doppler method was used to orthorectify the data with the SRTM 90 m void-filled Digital Elevation Model (DEM) downloaded from the Consortium for Spatial Information website [29, 30] . Then, radiometric normalization and a 5 × 5 enhanced Lee filters was applied [31] , and finally the backscatter values of study area were extracted. Hyperion has 242 bands with a spectrum ranging from 355 nm to 2577 nm, and the spatial resolution of Hyperion is 30 m [32, 33] . The L1Gst data (Radiometrically corrected and resampled for geometric correction and registration to a geographic map projection. The data image is ortho-corrected using digital elevation models (DEM) to correct parallax error due to local topographic relief) in this paper was imaged on 15 July 2008. Atmospheric correction was made using the ENVI FLASSH (Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes) module [34, 35] . The reflectance exhibited a high consistency when compared with the measured spectrum (determination coefficient more than 0.95) and met the requirements for retrieving vegetation biochemical parameters.
Field Data
From 13 June to 26 June 2008, measurements of the vegetation's biochemical structure (namely: row spacing, leaf inclination angle, LAI, chlorophyll, canopy water content, and others are listed in the Branch and Leaf part of Table 1 .) were conducted in the study area. In addition, on 29 June 2008, corn plants from every sample plot were taken back to the laboratory and dried to measure water content in the plant canopy. The water content of the corn canopy was obtained from 6 sample plots and ranged from 0.4 kg·m −2 to 0.97 kg·m −2 [36] . There were 16 days of delay between the remotely sensed observations and the canopy water content data. However, as the corn was at maturity, taking into account that no irrigation or rainfall occurred during this 16-day period, we have assumed that the water content changed little and that the fluctuation was acceptable [37] . Moreover, on 11 July 2008, soil moisture, from 12 cm deep in the Yingke 1-4 sample plots, was measured by time domain reflectometry (TDR) simultaneously with the ASAR transit over the study area. In each sample plot, soil moisture was measured three times and at last we get the mean values of the measurements. All the sample plots are representative. 
Methodology
Scattering Characteristics in Agricultural Regions
For agricultural regions, tree trunk scattering in the MIMICS model can be ignored [38] . In addition, the third term scattering (i.e., ground-canopy-ground interaction) can also be ignored because it contributes little to the total scattering [39] . Distinct from these two, the calculated percentages for the second term scattering (i.e., crown ground interaction) in total scattering varies from study to study due to the diverse study methods [40, 41] . Using the data in Table 1 as the input parameters, we simulated features of vegetation backscattering and calculated the percentages of the second term in total scattering under different frequency and canopy water contents. Figure 2 shows that the percentages of the second term scattering, in different polarizations and wavelengths, gradually increased with increasing canopy water content. For band L, second term scattering possesses some percentage under four polarizations. Cross-polarization has at most 20%, while co-polarizations possess at most 15%. HH polarization possesses a higher percentage compared with VV. For band S, second term scattering possesses some percentages under four polarizations as well. VH has at most 40%, while HV possesses at most 30%. In general, co-polarization is at most 10%. For band C, second term scattering from four polarizations account for little in total scattering. VH possesses at most 2% and HV accounts for 1.2%. The second term scattering from co-polarization, VV and HH, are both less than 1%. For SAR band L and band S data, ignoring the second term scattering for the crown-ground interaction cannot be adopted simply when taking into account the vegetation scattering. However, for band C, especially for co-polarization data, the crown-ground interaction can be ignored. 
Scattering Model in Agricultural Regions
Considering the theories mentioned above, we improved the Water-Cloud model by adding the second term for crown-ground interactions and address the canopy layer as a single layer in crop areas. The total backscattering consists of three parts: the direct reflection by vegetation backscattering , the second term scattering for the crown-ground interaction and , and the direct reflection decayed by the land surface [41] :
where p is polarization of transmission; q is polarization of reception; and are Fresnel reflection coefficients; = exp( − 2 sec( )) is a two-way extinction coefficient and is soil direct backscattering calculated by a simplified model [42] , is the vegetation canopy water content. The final expression of the model is as follows: 
In the model, A, B and C are parameters dependent on the types of vegetation, the frequency, and the polarization, which can be simulated by the MIMICS model, can be calculated by optical data.
Soil moisture retrieval model can be established using dual-polarized data by combining the model in different polarization.
Calculation of Vegetation Canopy Water Content
PROSAIL is a combination of the PROSPECT leaf RT model and the SAIL canopy RT model [43] [44] [45] , which has been used extensively for a variety of applications [46] . At the leaf level, PROSAIL uses leaf chlorophyll content (Cab), equivalent leaf water thickness (EWT), leaf structure parameter (N) and leaf dry matter (Cm) as inputs. At the canopy level, input parameters are LAI, leaf inclination angle distribution, soil brightness, ratio diffuse/direct irradiation, solar zenith angle, view zenith angle and Sun-view azimuth angle [47] . Based on this, we tried to obtain vegetation canopy water content using Hyperion data based on the PROSAIL and then calculated the contribution provided by the vegetation layer to backscattering.
There is a leaf water absorption band centered on 970 m, which results in the first-order derivative of the absorption curve being related to the canopy water content [47] [48] [49] . In addition, the Hyperion sensor can only provide hyperspectral data with a resolution of 10 nm, resulting in the failure of obtaining a more accurate spectral first-order derivative (1 nm level). Vegetation canopy water content index Derivative 980-1070 nm (D980-1070) can be used to retrieve vegetation canopy water content and can eliminate the influence of spectral resolution and imaging noises, making the results more precise. According to related research, the linear model of D980-1080 and was established as follows [50] : 
Results and Analysis
Soil Moisture Retrieval Model
The ASAR data acquired in this study are in the C band and are polarized in the VV/VH mode. Accordingly, the second term scattering is ignored. The percentage of the second term scattering is low, especially for VV polarization (only 0.2%). According to Equation (2) 
where is retrieved from Hyperion data and can be read from the SAR image. Using the ASAR dual-polarized data, we removed combination roughness to acquire retrieved soil moisture. Thus, the retrieval model of soil moisture in vegetated areas, based on SAR and hyperspectral data, has been established. The scattering of VV and VH in C band on vegetated areas can be simulated according Table 1 (Frequency was fixed in 5.33 GHz). There are 37,440 pairs of simulated data in total, representing all types of land surfaces in the study area. According to model (5), soil moisture can be retrieved. Figure 3 indicates that soil moisture from the retrieval model is well correlated with soil moisture from the MIMICS model. The correlation coefficient is 0.77 with a root mean square error of 0.037 cm . This correlation coefficient indicates that the proposed soil moisture retrieval model is feasible. 
Sensitivity Analysis
The sensitivity of parameters in the model was analyzed (see Figure 4) . It can be concluded that the model shows sensitivity towards angle, canopy water content and backscattering in VH polarization. With increased angles, the retrieved soil moisture initially increased and then subsequently decreased. With increasing canopy water content and VH polarized backscattering, the soil moisture is increasing. It indicated from Figure 3 that the result error of canopy water inversion would lead to 5% retrieval error of soil moisture. For backscattering of VV polarization, the model shows low sensitivity. 
Soil Moisture Estimation
Firstly, the paper chose 9 spectral data from Hyperion to calculate D980-1070 and the central wavelengths from the data are 983,993, 1003, 1023, 1033, 1043, 1053, and 1063 nm. Retrieving the vegetation canopy water content in Yingke oasis region can be accomplished using Equation (3) . Result indicated that RMSE was within 0.1 kg·m
, AARD was 12.5%, and the proposed model was practical and reliable. Then, using the model mentioned in Equation (5), we can estimate the soil moisture in the Yingke oasis. The retrieved result is displayed in Figure 5b . From the figure, it can be concluded that the spatial differences in soil moisture is evident. Some regions have higher soil water content (i.e., SA area), while the values in other regions appear to be lower (i.e., SB area). While the regions with the lower soil moisture values (i.e., SB area) had low vegetation coverage and a greater number of villages (Figure 5a ). The soil moisture in most regions (i.e., SC area) ranged from 0.20 cm , which is sufficient to satisfy the needs of crop growth. The overall estimate of soil moisture is reasonable in spatial distribution.
On 11 July 2008, soil moisture from 12 cm deep in the Yingke 1-4 sample plots was measured simultaneously with the ASAR transit over the study area. The study uses these four points as experimental data to confirm the retrieved results, as shown in Figure 6 . It can be observed that there is a significant linear relationship between the soil moisture derived from the estimation and the actual measurement results. Due to few data points, our research just calculated the absolute and relative error. The average absolute deviation (AAD) was 0.051 cm
, average absolute relative deviation of these four points is 19.7% ( Figure 6 ). Besides, we calculated TVDI using MODIS data in the same day of measured data. Soil moisture data was resampled in 1km and compared with TVDI (see Figure 7) . It showed good relationship between soil moisture and TVDI (R = 0.65). These indicated the reliability and applicability of the model proposed in this study. 
Conclusions
In this study, a new approach was introduced to estimate surface soil moisture in vegetated areas. The soil moisture retrieval model for vegetated regions was developed by combining microwave and hyperspectral remote sensing. The percentages of second term scattering (i.e., crown ground interaction) in total scattering of different bands were discussed in detail. For band L, Cross-polarization has at most 20%, while co-polarizations possess at least 10%. For band S, VH has at most 40%, while HV possesses at most 30%. In general, co-polarization is at most 10%. For band C, second term scattering from four polarizations account for little in total scattering (no more than 3%). Hence, for SAR band L and band S data, ignoring the second term scattering cannot be adopted simply when taking into account the vegetation scattering. However, for band C, the crown-ground interaction can be ignored.
VCWC, one important parameter of the retrieval model, was obtained using a vegetation canopy water content index D980-1070 based on Hyperion data, and satisfactory result was achieved. It implies that hyperspectral data has an advantage of VCWC retrieval than multi-spectral remote sensing data, and more hyperspectral data should been used in the soil moisture inversion.
Alternating polarization data of ASAR and Hyperion hyperspectral data were used to measure soil moisture and to confirm the feasibility of the retrieval model. The results showed that the proposed model was suitable for vegetated areas. Generally, the accuracy of the model (AAD was 0.051 cm , AARD was 19.7%) meets the demand for the soil moisture retrieval of vegetated areas at a regional scale. Future works should use more field measurements to validate the method and extend the application of the proposed method over other study regions.
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